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The impetus for this analysis is  based on an U.S. Nuclear Regulatory Commission 
(NRC) fmal rule limiting the use of high-enriched uranium (HEU) fuel  in domestic 
research  and  test  reactors. 
1  The  rule  became  effective  on March  27,  1986,  and 
requires that an existing non-power reactor licensee using HEU fuel must convert to 
low-enriched  uranium  (LEU)  fuel  unless:  (1)  the  NRC  has  determined  that  the 
reactor has a unique purpose, and (2) Federal Government funding  for refueling is 
not available. 
The efforts proposed for this analysis encompassed three major areas: criticality and 
reactivity,  power-related  analysis,  and  fission  product  inventory  and  accident 
assessments.  The  analysis  presented  in this  thesis  focuses  on the  criticality  and 
reactivity portion; specifically, the estimated number of fuel elements needed for  a 
just critical core, and the estimated number offuel elements for specified core excess 
values.  In order to perform this  analysis,  the Monte Carlo  N-Particle
2  (MCNPTM) 
computer code was selected. 
An iterative process was involved in order to complete the benchmark comparison. 
This iterative process involved,  (1) create OSTR model, (2) run MCNP, (3) analyze 
results,  (4)  modify  model  and  rerun  MeNP.  Many  iterations  were  performed 
requiring significant changes to the original MCNP model. 
I  10 CFR 50.64, rule promulgated on 25 February 1986. effective 27 March 1986. 
Redacted for PrivacyThe following list ofanalysis and comparison was performed: 
•  MCNP4A benchmark results for Revision 7 Geometry 
•  MCNP4A and MCNP4B comparison ofbenchmark results 
•  MCNP4B results for Revision 7 Geometry 
•  MCNP4B results for Revision 8 Geometry 
•  MCNP4B benchmark comparison 
•  Erbium Variance Effect analysis for MCNP4B 
•  Propose LEU fuel analysis 
The  critical  step  in  validating  the  MCNP  model  of the  OSTR is  to  compare the 
calculated values and the measured values Table  1 shows that the calculated values 
are consistently higher than the measured core excess values. 
Measured vs. Calculated 
OSTR 
Core  Measured  Calculated 
Difference 
(Ck) 
Difference 
($) 
$7.17  1.05019 +/- 0.0007  1.05912 +/- 0.00118  0.00893  $1.28 
$3.35  1.02345 +/- 0.0007  1.03868 +/- 0.00125  0.01523  $2.18 
$0.12  1.00084 +/- 0.0007  1.00801 +/- 0.00124  0.00717  $1.02 
Table 1 Measured vs. Calculated Comparison 
Table 2 shows the complete tabulated results for the proposed LEU fuel.  For a just 
critical reactor, 5020/20 fuel elements are needed, while 56 elements provide a $3.42 
core, and 63 elements provide a $6.99 core. 
2 RSICC Computer Code Collection, MCNP4B2TM:  Monte Carlo N-Particle  Transport Code System. CCC-660, 
April 1997. Number of 20/20 
LEU Fuel 
Elements 
kett 
Excess reactivity, 
$ 
50  1.00121 +/- 0.0013  $0.17  +/- 0.18 
51  1.00517 +/- 0.0012  $0.74  +/- 0.17 
52  1.01178 +/- 0.0012  $1.68  +/- 0.17 
56  1.02392 +/- 0.0013  $3.42  +/- 0.18 
57  1.02978 +/- 0.0012  $4.25  +/- 0.17 
58  1  .03297 +/- 0.0012  $4.71  +/- 0.18 
63  1.04895 +/- 0.0013  $6.99  +/- 0.19 
64  1.05260 +/- 0.0012  $7.51  +/- 0.17 
65  1.05701 +/- 0.0012  $8.14  +/- 0.17 
Table 2 20/20 LEU Core Calculations 
A full core ofonly 63  elements would be much smaller than the existing FLIP core. 
With a much smaller core size,  the  LEU fueled  core would have  a very different 
neutron flux  profile  in  all of the irradiation facilities.  The impacts of this  change 
would be significant to the usability of  the OSTR's irradiation facilities, making the 
proposed LEU fuel replacement unacceptable. 
The OSTR-MCNP model has been validated to perform criticality, and core excess 
reactivity calculations.  This model was modified to analyze the 20120  LEU fuel as 
an option for replacing the FLIP fuel.  The 20/20  LEU fuel  was not an acceptable 
replacement for the FLIP fuel  due to the smaller full  core size (63  elements LEU 
versus 85 elements FLIP).  The reduced core size causes a significant reduction in the 
neutron flux in the rotating rack, an irradiation facility that is an essential feature of 
the OSTR. 
To summarize, the fmal conclusions ofthis investigation: 
•  The MCNP model ofthe OSTR is a valid method to perform analysis • 	 The accuracy of  the OSTR model results is sufficient to answer some questions, 
such as core excess reactivity 
• 	 The current OSTR model is not accurate enough for rod worth calculations, or in 
shutdown margin calculations 
• 	 The OSTR model needs additional analysis in order to improve accuracy 
• 	 The proposed LEU fuel is an unacceptable replacement 
• 	 Erbium variance  is  a  significant  source  of uncertainty  in  the  accuracy of the 
results © Copyright by Patrick A.  Merritt 
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ANAL YSIS OF OREGON STATE 

UNIVERSITY TRIGA REACTOR 

Chapter  1 
INTRODUCTION 
Reason for Analysis 
The impetus for this  analysis is  based on an U.S.  Nuclear Regulatory Commission 
(NRC) fInal rule limiting the use of high-enriched uranium (HEU) fuel  in domestic 
research  and  test  reactors.
3  The  rule  became  effective  on March  27,  1986,  and 
requires that an existing non-power reactor licensee using HEU fuel  must convert to 
low-enriched  uranium  (LEU)  fuel  unless:  (1)  the  NRC  has  determined  that  the 
reactor has a unique purpose, and (2)  Federal Government funding  for refueling  is 
not available.  Non-proliferation is  the goal and intent of this ruling; promoting the 
common defense  and security by reducing the risk of theft and diversion of HEU 
fuel,  and  the  potential  adverse  consequences  to  public  health  and  safety,  and 
environmental damage resulting from a theft or diversion. 
10  CFR  50.64(  c  )(2)(i)  of the  rule  requires  each  non-power  reactor  licensee 
authorized to possess and use HEU fuel to develop and submit to the Director of  the 
Office  of Nuclear Reactor Regulation  starting  March 27,  1987,  and  at  12-month 
intervals from this date, a written proposal for meeting the rule's requirements.
4  This 
proposal must  contain,  (l) a certifIcation that the Federal Government funding  for 
conversion and refueling  is  available through the Department of Energy,  and (2)  a 
3 10 CFR 50.64, rule promulgated on 25 February 1986, effective 27 March 1986. 
410 CFR 50.64 (c) (2) (i) 2 
schedule for  conversion,  based upon availability of NRC  acceptable  fuel,  shipping 
cask availability, reactor usage, and fmancial support arrangements. 
The  full  ruling  also  requires that  a licensee's  proposal must  include  all  necessary 
changes, to the  license,  to  the  facility,  and to the  licensee's  procedures.  A safety 
analysis  must  be  provided  to  support  these  changes,  and  support  the  established 
conversion schedule. 
Until  1992,  the  Oregon  State  University  TRIGA  Reactor  (OSTR)  had  met  the 
regulatory requirements by notifYing the NRC that the Department of  Energy (DOE) 
did  not  have sufficient  funding  to  support  a refueling of the  OSTR.  In 1992,  the 
DOE notified Oregon State University (OSU) that funding was available.
5 Based on 
this notification a proposal
6  was  submitted
7  and approved
8 to perform some of the 
necessary analysis to support the conversion and refueling effort. 
Analysis Overview 
The efforts proposed to meet the requirements of  the safety analysis (required by the 
NRC)  encompassed  three  major  areas:  criticality  and  reactivity,  power-related 
analysis,  and  fission  product  inventory  and  accident  assessments.  The  analysis 
presented in this thesis focuses on the criticality and reactivity portion; specifically, 
the  estimated  number  of fuel  elements  needed  for  a  just  critical  core,  and  the 
estimated  number  of fuel  elements  for  specified  core  excess  values.  In order to 
5 Funding notification was received on 24 February 1992. 
6  Proposal  Submitted  to  the  U.S.  Department  of Energy  by  the  Oregon  State  University  Radiation  Center, 
Requesting  a  Grant  for  the  PREPARATION  OF  AN  APPLICATION  TO  THE  U.S.  NUCLEAR 
REGULATORY COMMISSION FOR AUTHORIZATION TO CONVERT THE OREGON STATE 
NIVERSITY  TRiGA  REACTOR  FROM  HIGH-ENRICHED  URANIUM  FUEL  TO  LOW­
ENRICHED URANIUM FUEL, February 1992, Brian Dodd, Principal  Investigator. Reactor Administrator, 
Arthur G. Johnson, Director Radiation Center, Richard A  Scanlan, Dean of  Research 
7 Proposal submitted 4 March 1992. 
8 Proposal approved 12 June 1992. 3 
perform this  analysis,  the  Monte  Carlo  N-Particle'l  (MCNP)  computer code  was 
selected. 
MCNP is a Monte Carlo computer code that can be used to simulate nuclear particle 
transport.  MCNP  is  often  referred  to  as  a  general-purpose  system  for  particle 
transport because it allows for full 3-D geometry modeling, pointwise cross-section 
data or multi-group cross-section data can be used, and it includes the capability to 
calculate eigenvalues for systems.  The computer code can model neutron, photon, 
electron or coupled (any combination) transport. 
From a high-level view, a benchmark comparison of an OSTR-MCNP model versus 
measured OSTR values was a requirement to generate valid results for the proposed 
analysis.  Once the benchmark comparison was completed, analysis of  the proposed 
LEU fuel could be conducted. 
An iterative process was involved in order to complete the benchmark comparison. 
This iterative process involved,  (1) create OSTR model, (2) run MCNP, (3) analyze 
results,  (4)  modifY  model  and  rerun  MCNP.  Many  iterations  were  performed 
requiring significant changes to the original MCNP model - two specific geometric 
configurations are compared in this paper. 
The following list ofanalysis and comparison was performed: 
•  MCNP4A benchmark results for Revision 7 Geometry 
•  MCNP4A and MCNP4B comparison ofbenchmark results 
•  MCNP4B results for Revision 7 Geometry 
•  MCNP4B results for Revision 8 Geometry 
9  RSICC  Computer Code Collection,  MCNP4B2™: Monte Carlo N-Particle  Transport Code System. CCC-660, 
April  1997. 4 
•  MCNP4B benchmark comparison 
•  Erbium Variance Effect analysis for MCNP4B 
•  Propose LEU fuel analysis 
The discussion and details ofthis analysis set is reserved for later chapters. 
Chapter Overview 
Chapter 2 describes the Oregon State University TRIGA Reactor's (OSTR) features, 
uses, configuration and properties. Chapter 3 is a discussion and background on the 
MCNP computer code.  Chapter 4 describes the features of  the MCNP model of  the 
OSTR Chapter 5  discusses  the  details  of the  benchmarking  analysis.  Chapter  6 
presents the findings  of the proposed LEU fuel  analysis.  Chapter  7 discusses the 
relative  error  in  MCNP  results,  and the  statistical  analysis  that  MCNP  performs. 
Chapter 8 provides the conclusions and  summary of the analysis.  Chapter 9 gives 
some details on future work, and identifies some potential improvements that can be 
made in the model. 5 
Chapter  2 
OREGON STATE UNIVERSITY TRIGA REACTOR (OSTR) 
Physical Description 
The  Oregon State University  TRIGAlo  Mark  II  Reactor  (OSTR)  is  a  light-water 
cooled  and  reflected  reactor  using  zirconium  hydride  (U- ZrH1.7)  fuel-moderator 
elements. The reactor is designed for steady-state operation at 1 MWthcrmal and can be 
pulsed to 3800 MWthermal . 
The reactor  is  currently  loaded  with  FLIPll  fuel,  which  is  high-enriched  uranium 
(RED) fuel.  The FLIP fuel is 70_wt%l2 enriched 235U fuel, the remaining 30-wt% is 
238u.  The  elements  are  termed  fuel-moderator  elements  because  the  uranium  is 
contained in a mixture of  zirconium-hydride (ZrH1.7), a strong moderator.  This fuel­
moderator mixture also contains a burnable poison.  A burnable poison is a material 
with a large affmity for absorbing neutrons - typically referred to as a large neutron 
absorption cross-section. Natural Erbium is the burnable poison in the fuel-moderator 
mixture, and has 1.6-wt% concentration in the fuel-moderator elements. 
10 Iraining, Besearch, !sotopes, §eneral ~tomics 
II Iuel1ifetime !mprovement rrogram 

12 Percent by weight.  Notation used in this paper is, wt%. 
6 
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Figure 1 Cutaway view of standard TRIGA Mark IT core 
arrangementI3 
The zirconium-hydride fuel-moderator has some unique characteristics. The fuel (U) 
is mixed with a moderator (ZrHu) and this combination has a very large prompt­
13 From Safety Analysis Report for the Oregon State University TRIGA Research Reac/or, Bibliography Reference 
3. 7 
negative  temperature  coefficient.  This  gives  the  reactor  an  inherent  prompt 
shutdown mechanism - even when large positive reactivity insertions are made (such 
as by the ejection of a control rod).  The excess positive reactivity is  automatically 
overcome by the reactivity removed due to the rise in the fuel temperature.  This fuel 
temperature  rise  results  in  a  prompt-negative  reactivity  insertion,  returning  the 
system to a normal power level. 
Primary Uses 
As  the TRIGA
IO  acronym indicates, the reactor is  used  for  training,  research,  and 
isotope  production  or  irradiation.  The  reactor  is  used  as  a  training  facility  for 
students from multiple disciplines.  The reactor is  used for  many research purposes 
including  forensic  analysis,  reactor  operations,  perturbation  analysis,  neutron 
radiography, isotope production and irradiation. 
An important feature of  the reactor is the irradiation facilities that it provides. Some 
of the types of irradiation facilities that the TRIGA reactor provides:  Instrumental 
Neutron Activation Analysis,  thermal  neutron irradiation,  epi-cadmium irradiation, 
gamma irradiation, neutron radiography and neutron scattering experiments. 
Three primary features of the TRIGA reactor that  facilitate  INAA:  Rotating  Rack 
(Lazy Susan), Pneumatic Transfer Tube (Rabbit), and the Sample-Holding Dummy 
Fuel Element (Dummy Element). Figure 2 is a cutaway view of  the TRIGA reactor, 
and  the  pneumatic  transfer  system  and  rotating  specimen  rack  (lazy  susan)  are 
labeled.  The  lazy  susan  allows  for  long  irradiation  times,  while  the  pneumatic 
transfer tube  allows for  short irradiation times by pneumatically injecting and then 
removing the  sample  from the reactor core.  The dummy  fuel  element allows  for 
long-term irradiation of  a sample to high neutron flux, and/or higher energy neutrons. 8 
Figure 2 Cutaway view of TRIGA reactor (beam ports, thermal and 
thermalizing columns not shown) 
The  epi-cadmium  irradiation  feature  allows  for  irradiation  of samples  at  higher 
neutron  energies,  0.4  to  0.5  eV.  The  thermal  column  is  a large  stack of graphite 
blocks that slow the neutrons escaping from the core to thermal energies. 9 
blocks that slow the neutrons escaping from the core to thermal energies.  Samples 
are  irradiated by  removing graphite blocks to  place the samples closer to the core. 
The beam ports are tubular penetrations in  the reactor's main shield  that allow for 
neutrons and photons to stream from the core in order to perform neutron and gamma 
ray irradiation.  Some of  the beam ports are permanently configured for radioisotope 
production, while others are available for other types ofexperiments and irradiation. 
Any  changes to  the  reactor core  configuration,  such  as  fuel  element  replacement, 
could have significant impact on these irradiation facilities.  Any changes in neutron 
flux  or the flux  energy distribution would change how the reactor is  used,  and the 
irradiation features that it provides. 10 
Chapter  3 
MCNP COMPUTER CODE AND MONTE CARLO METHODS 
Monte Carlo N-Particle Code 
The  MCNP  computer code  has  origins  extending  back to  the  Manhattan Project 
during the 1940's.  The first multipurpose version, MCN, was released in 1963, with 
the first  public  release of the neutron-photon code,  MCNP,  in  the  mid-70's.  The 
1980's were the age ofthe MCNP3 versions, and with the release ofMCNP4 in 1990, 
electron transport was included.  MCNP4B was  released at  the beginning of 1997. 
Both MCNP4A and MCNP4B were used in this analysis. 
MCNP  uses  continuous-energy  nuclear  and  atomic  data  libraries  generated  from 
multiple  sources:  Evaluated  Nuclear  Data  File  (ENDF)  system,  the  Evaluated 
Nuclear Data Library (ENDL), the Activation Library (ACTL) and evaluations from 
the  Applied  Nuclear  Science  (T  -2)  group.  These  data libraries  provide  the  cross­
section and interaction data needed to model and simulate the defmed system. 
A three-dimensional  geometric representation of the physical  system is  defmed  in 
MCNP by specifying geometric surfaces and shapes. These surfaces and shapes are 
then used to define "cells" based on intersections or unions of multiple surfaces and 
shapes.  This  gives  the  capability  to  defme  the  geometry  in  unlimited  detail  ­
typically, the user defmes the necessary level of  detail to give a reasonable result set. 
These defined cells are then assigned a "material".  These materials are user-defined 
and  are  combinations  of atomic  isotopes.  The  user  can also  specify  what  cross­
section evaluations are to be used. For example, for the TRIGA reactor, the borated 
graphite in the reflector elements is modeled as, 11 
m6  5010  0.0213925  5011  0.0861075  6000  0.02687 
$borated graphite  for  control  rods 
a combination ofboron and graphite.  The boron is modeled as a mixture of lOs and 
lIB in the same abundance as found in nature, and the graphite as natural carbon. The 
'm6'  is  the material card number,  used  for  material reference in  the cell definition. 
The '5010' is  JOB and the number following, '0.0213925' is the atom density for this 
isotope. The next set ofnumbers, '5011  0.0861075' define the JIB atom density, and 
the final set, '6000  0.02687', define the carbon atom density. 
The location and characteristics of a neutron, electron, or photon source can also be 
modeled  in  MCNP.  For criticality  calculations,  and this  analysis,  source  fission 
points were placed in fissionable material in order to 'start' the simulation. 
MCNP can track certain aspects, called tallies, of the behavior of the system.  For 
example, there are tallies to track flux,  energy deposition, fission energy deposition, 
and surface current. In the MCNP-OSTR model the track length estimate of  cell flux 
(F4)  and  track  length  estimate  of fission  energy  deposition  (F7)  were  recorded. 
These were tallied, but not utilized for this analysis. 
For criticality problems,  MCNP also  calculates the eigenvalue,  kerr,  to  the  nuclear 
transport equation. In reactor theory, ketJ is often described as the ratio ofthe number 
ofneutrons generated in the current generation versus the prior generation.  With this 
definition, a critical system will have a kerr =1  - the same number of  neutrons in each 
generation.  For  subcritical  systems,  kerr  <1,  fewer  neutrons  with  each  new 
generation, and for supercritical systems, kerr >1, more neutrons with each successive 
generation. 
In this analysis, the kerr results are used in a slightly different manner.  Any amount 
greater than unity still indicates a critical system.  The amount in  excess of one is 12 
considered excess reactivity.  This analysis  is  concerned with the amount of excess 
reactivity in the modeled system. 
All  of these  inputs,  or cards,  are  contained  in  an  MCNP  input  deck.  A  sample 
MCNP input deck is contained in Appendix 1.14 
Monte Carlo Methods 
Monte  Carlo  solution  methods
l5  are  very  different  from  deterministic  solution 
methods.  For  transport  problems,  Monte  Carlo  solves  the  problem  by  particle 
simulation.  Perhaps the  best description of Monte Carlo  methods comes from the 
MCNP Manual: 
Monte Carlo methods are very different from deterministic transport 
methods. Deterministic methods, the most common of which  is the 
discrete ordinates method, solve the transport equation for the average 
particle behavior.  By contrast, Monte Carlo does not solve an explicit 
equation, but rather obtains answers by simulating individual particles and 
recording some aspects (tallies) of their average behavior. The average 
behavior of particles is the physical system is then inferred (using the 
Central Limit Theorem) from the average behavior of the simulated 
particles. 
Because Monte Carlo  solutions represent an average of many sample histories, the 
statistical error or uncertainty is  an equally important quantity to the actual results. 
As  such,  the  statistical  error  is  considered  part  of the  answer.  A  more  detailed 
14 	A sample input deck from this analysis was not included for brevity sake.  A  full  input deck, at  10 point font, 
would be 17 pages. 
15  A good text on Monte Carlo methods in general and specific to solving the transport equation can be found in 
L.L.  Carter and E.D.  Cashwell,  Particle-Transport Simulation  using the  Monte  Carlo  Method,  Los Alamos 
Scientific Laboratory, 1975. ISBN 0-87079-021-8 13 
discussion ofthe statistical error, and MCNP en'or calculation is contained in Chapter 
7. 14 
Chapter  4 
MCNP GEOMETRIC MODEL OF THE OSTR 
An  initial  model  of the  OSTR  was  developed  to  perform  some  preliminary 
calculations  to  validate  use  of MCNP.
16  The  author  checked  the  geometry,  and 
material  descriptions  for  accuracy.  The  analysis  of the  preliminary  calculations 
identified model improvements that could be made in order to  improve the accuracy 
ofthe results. The recommended improvements
16 were: 
•  Incorporate beam ports into model 
•  Add rotary rack 
•  ModifY top/bottom unfueled rod region to full 3-D geometry 
•  Add fuel-follower control rod geometry to model 
•  Add transient control rod geometry to model 
•  Improve statistics with longer runs and document results 
•  Update ENDFIIV cross section set to ENDFNI 
•  Experiment with temperature changes ofmoderator 
•  Investigate methods ofobtaining useful gamma flux results with model 
•  Use experimental measurements to investigate model accuracy and benchmark 
•  Determine axial power profile 
•  Get results to match known flux values 

Of this list, the author incorporated the following  improvements: added rotary rack, 

top/bottom unfueled rod regions modeled, fuel-follower control rods added, and the 

transient control rod geometry added. 

16 Bryan Lewis, MCNP Model Development/Results/or OSU TRIGA Reactor, Atom Analysis,  Inc.,  1992. 15 
The OSTR Core Model 
The core grid configuration is seen in Figure 3, the OSTR Core Grid Map. Each grid 
location can house a fuel  rod,  control rod,  graphite reflector rod,  or be an empty 
location that would be filled with water.  Each grid location was modeled generically 
such that future  calculations could be done with any element being  located in  any 
grid position. 
The  core  grid  is  broken  down  into  "rings"  for  reference  purposes.  The  central 
location, A-I is referred to as the Central Thimble, and is surrounded by the B, C, D, 
E, F, and G rings. Table 3 lists the rings, and the number oflocations available within 
the ring 
Ring  No. of Locations 
A  1 
B  6 
C  12 
D  18 
E  24 
F  30 
G  36 
Table 3 Core Grid Rings 
Each of these locations can be  filled  by a fuel-moderator rod,  filled  by a graphite 
reflector rod,  or be  empty (water).  The  four  control rods  are  located  in  specific 
positions, C-4, C-I0, D-l and D-l  o. 16 
Figure 3 The OSTR Core Grid Map 
Surrounding  the  core  is  an  aluminum  inner  liner,  a  water  region,  and  then  a 
lead/graphite shield.  The core, the liner, and surrounding shield all sit in a pool of 
light water.  Figure 4 shows a cross-sectional view ofthe geometry modeled. 
Detail descriptions ofthe data and source ofdata used for the model are contained in 
Appendix A. 17 
Figure 4 Core Geometry Model, Cross Sectional View 

Fuel-Moderator Rod Model 

A fuel-moderator rod for a TRlGA Mark II reactor is shown in Figure 5.  The fuel­

moderator rods were modeled as stainless-steel cladding, surrounding the UZrH fuel­

moderator mixture with a zirconium rod down the center.  The bottom and top of 
18 
each fuel-moderator rod consisted of a graphite slug.  Figure 6 shows the geometric 
model for a fuel-moderator rod within the MCNP analysis. 
The UZrH fuel-moderator mixture also contains 1.6-wt% natural erbium.,  a burnable 
poison.  Erbium  is  a  strong  neutron absorber,  so  criticality  calculations  and  core 
excess are extremely sensitive to small changes in the erbium content. 
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Figure 5 OSTR Fuel-Moderator Rod, and Fuel-Followed Control 

Rod (FFCR) 
19 
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Figure 6 MCNP Model ofa Fuel-Moderator Element 
Fuel-Followed Control Rods 
A fuel-followed control rod (FFCR) is the combination ofa borated graphite section 
with a fuel section follower.  A FFCR is shown in Figure 5.  Three FFCR are present 
in the OSTR and are named the Shim, Safety and Regulating rods. The fourth contro I 
rod is called the Transient control rod, and it has the same borated graphite section, 
but  has  air  in  place  of the  fuel-follower.  This  allows  the  transient  rod  to  be 
pneumatically ejected from the core for "pulse" operation. 
The model geometry was designed such that the control rods could be "moved" to 
simulate a rod being fully withdrawn, or fully inserted.  Some additional surfaces and 
cells would have to be defmed in order to allow for partial insertion.  Such analysis 
was beyond the scope ofthe present investigation. 20 
Erbium Burnable Poison 
Erbium has six  stable  isotopes, two of which are only present in  small abundance 
(Er-162,  0.14%;  Er-164,1.61%)I7.  Cross section data for  erbium isotopes are  not 
readily available.  For the purposes of  this analysis, the natural erbium was modeled 
as 22.95%  167Er, with the remainder as 166Er.  Cross section data was generated
l8 for 
167Er and I~r using the computer code NJOyI9. 
Erbium is  present in the fuel-moderator  mixture  as  a burnable  poison - it  is  used 
because of its strong neutron absorption properties.  Criticality,  and thus criticality 
calculations, is extremely sensitive to small changes in the erbium content. Modeling 
the erbium atom density as accurately as  possible requires accurately knowing the 
actual content, or at a minimum the variance. 
Communications  with  the  fuel  manufactureiO  resulted  In the  following  table  of 
tolerances: 
17 Erbium data contained in Appendix E. 
18 	 Personal  communication  with  Bryan  Lewis,  NJOY  Generated  Cross  Sections  for  167Er  and  166Er.  Atom 
Analysis. Inc..  1991. 
19 RSICC Computer Code Collection, NJOY:  Code System for Producing Pointwise and Multigroup Neutron and 
Photon ero:>:> Sections from EXDf:B Data, PSR-368. 
20 	Personal communication with Junaid Razvi.  General  Atomics.,  and Memorandum,  May  13,  1993,  Erbium  in 
TRIGA Cores. Brian Dodd. 21 
Erbium Tolerances 
Individual Fuel Meat  +10%  -15% 
Fuel Element (3 fuel meats 
per element for OSTR) 
+5%  -10% 
Overall Core  +0%  -3% 
Table 4 Erbium Tolerances for OSTR 
Analysis was performed to understand the effects of  these erbium tolerances on the 
core excess and criticality.  Analysis was done using the following four variances one 
the  entire  core:  -10%,  -3%,  +5%  and  0%  (nominal).  The  significance  of these 
variances is discussed later. 
ENDFIB-VI Cross Section Data 
All  cross  section  data  (other than Erbium)  used  in  this  analysis  came  from  the 
MCNPXS data library package
21 
• This data package contains pointwise and multi­
group cross section data for use with MCNP that is  based on the ENDFIB-VI data. 
In addition, other data libraries, such as MCPLIB 1 for photon transport, are included 
in the MCNPXS data set. 
21  RSICC  Data  Library  Collection,  MCNPXS:  Standard  Neutron,  Photon,  and Electron  Data  Libraries for 
MCNP4B. contributed by Los Alamos National Laboratory, DLC-189;MCNPXS. 22 
Chapter  5 
FLIP FlTEL BENCHMARKING 
As discussed in the introduction, multiple sets of analysis were performed.  For the 
FLIP fuel benchmarking, the analysis set included: 
•  MCNP4A benchmark results for Revision 7 Geometry 
•  MCNP4A and MCNP4B comparison ofbenchmark results 
•  MCNP4B results for Revision 7 Geometry 
•  MCNP4B results for Revision 8 Geometry 
•  MCNP4B benchmark comparison 
•  Erbium variance effect analysis for MCNP4B 
Each ofthe above items will be discussed in more detail in this chapter. 
MCNP4A Benchmark Results 
The original benchmark analysis of the OSTR was done using an older version of 
MCNP,  specifically MCNP4A.  This  version also  used the ENDFN data library. 
This  analysis was originally performed in  1992.  Unfortunately,  in  1999 when this 
analysis  was  revisited  these  were  both  unavailable  in  order  to  do  a  complete 
comparison to the newer version of MCNP, MCNP4B, and the newer cross-section 
data library, ENDFM.  A complete benchmark set of  the FLIP fuel  for  revision 7 
geometry was completed and the results are shown in Table 5. 23 
MCNP4A Calculated Values"" 
OSTR 
Core 
Calculated  Difference  Calculated keff 
$7.17  $7.16  -$0.01  1.050148 +/- 0.0014 
$3.35  $3.46  $0.11  1.024223 +/- 0.0014 
$0.12  -$0.67  -$0.79  0.995285 +/- 0.0013 
Table 5 MCNP4A Benchmark Results 
The results from the MCNP4A calculations agree very well with the measured values 
and would seem to  indicate that the  MCNP model of the OSTR is  accurate.  The 
calculated error for kelf of  0.014 converts to a dollar error value of $0.20, resulting in 
a forty cent window.  With this error range, the calculated values for both the $7.17 
core and the $3.35 core bound the measured value. 
Measured OSTR Values 
The  first  step  in  validating  the  use  of MCNP  for  these  calculations  involved 
benchmarking the  model  against  known,  or measured,  values.  These values  were 
measured during the August  1976 conversion/refueling of the OSTR.  Prior to the 
refuel, the reactor core was made up of  LEU fuel elements.  The conversion involved 
removal of  the LEU fuel  elements, and placement of FLIP elements, resulting  in  a 
full FLIP core. 
During  the  loading  of the  new  FLIP  fuel  elements,  three  core  excess  reactivity 
measurements
23 were made. The fIrst was a just critical core excess of$0.12 (62 Fuel 
elements, 3 FFCR), the second a $3.35 core excess (73 FE, 3 FFCR), and the third a 
$7.17  core  excess  (82  FE,  3  FFCR).  These  core  confIgurations  are  shown  in 
Appendix F. 
22 Revision 7 geometry. 

23  T. V. Anderson, FLIP Start-up Log, Console Log #50. August 1976. 
24 
These  measured  values  had  no  associated  error  estimates  recorded;  however,  the 
measurement methods used (period and rod-drop) are well known and  in common 
practice.  The  error range  given  for  the  measured  values  is  an  estimation of the 
accuracy ofthe core excess measurements based 011 experience. 
The core excess reactivity measurements must be converted from the $ value to a kelf 
value using a well known relationship.24 
(kejJ - kcrillca')  (1) p= 
fJ 
Equation 1 Core Excess Reactivity 
where: 
p: =reactivity, in dollars ($) 

keff:=  the effective neutron multiplication factor 

kcritica/:= kfor a just-critical reactor 

f3:= effective delayed neutron fraction 

For a critical system, kcritical is defined to be 1, so Equation 1 becomes: 
(2) 

Equation 2 Simplified Core Excess Reactivity 
After solving for keffthe result becomes: 
keff  = pfJ +1  (3) 
Equation 3 kelf Equation 
U  sing  Equation  3  the  measured  core  excess  reactivity  values.  and  criticality 
eigenvalue kef!' are shown in Table 6. 
24 Karl O. Ott, Robert 1. Neuhold, Introductory Nuclear Reactor Dynamics, 1985. ISBN 0-89448-029-4 25 
OSTR Measured Values 
Reactivity, >  keff  Error, +/­ Range 
$7.17  1.05019  0.0007  1.04949 -1.05089 
$3.35  1.02345  0.0007  1.02275 -1.02415 
$0.12  1.00084  0.0007  1.00014 -1.00154 
Table 6 Measured Core Excess Reactivities,) =0.007 
Revision 7 and Revision 8 Geometry 
Calculations  of keff were  performed  using  the  MCNP  modeled  OSTR core,  and 
creating  separate  input  decks25  for  each  core  configuration,  and  erbium variance. 
Two  separate  geometries  were  analyzed:  Revision  7  geometry  and  Revision  8 
geometry.26 
After discussions with the fuel  manufacturer
7 and review of  technical drawings the 
correct dimensions for the FFCR's were determined and added to the model, resulting 
in  the  Revision  8  geometry.  Accurate  values  (differing  from  the  values  used  in 
Revision  7  geometry)  of the  fuel  diameter  for  the  normal  fuel  elements  were 
incorporated into the Revision 8 geometry. 
These model changes resulted in a consistent fuel  density  in the revised geometry. 
Originally, the FFCR's were modeled with a lower fuel  density in order to  account 
for the lower 235U  content, as  indicated by  the design  specifications for  the  OSTR 
FFCR's.  Once it  was determined that the FFCR's had a smaller  diameter than the 
normal fuel  rods the lower 235U  content was explained  without modifYing  the fuel 
density. 
:5 Sec Appendix H for input deck matrix. 
26 	The revision  notation  is  arbitrary,  and  based  on  the  authors'  own  recording of modifications  to  the  core 
geometry.  Many iterations of  geometry changes were made in order to improve the accuracy ofthe model. 26 
MCNP Calculated Values, Rev. 7 
OSTRCore  keff  Error, +/­ Range 
$7.17  1.05918  0.00123  1.05795 - 1.06041 
$3.35  1.03348  0.00123  1.03225 - 1.03471 
$0.12  1.00254  0.00129  1.00125 - 1.00383 
Table 7 MCNP Calculated Values for Revision 7 Geometry 
MCNP Calculated Values, Rev. 8 
OSTR 
Core 
keff  Error, +/­ Range 
$7.17  1.05912  0.00118  1.05794 - 1.06030 
$3.35  1.03868  0.00125  1.03743 - 1.03993 
$0.12  1.00801  0.00124  1.00677 - 1.00925 
Table 8 MCNP Calculated Values for Revision 8 Geometry 
Table  7 and Table  8  show the results for  each respective  geometry,  including the 
associated error. 
Comparison of Rev.7 and Rev. 8 Geometry 
OSTR 
Core  Rev. 7 kef(  Rev. 8 kef( 
Difference 
(Ck) 
Difference 
($) 
$7.17  1.05918  1.05912  0.00006  $0.01 
$3.35  1.03348  1.03868  -0.00520  -$0.74 
$0.12  1.00254  1.00801  -0.00547  -$0.78 
Table 9 Comparison ofRevision 7 and Revision 8 Geometry 
27 Personal communication with Junaid Razvi, General Atomics.,  13 May 1993. 27 
Table 9 shows that there is not a large difference between the two geometries at the 
large core  excess,  but that this  difference  increases as the core excess approaches 
zero. 
Comparison of  Calculated vs. Measured Values 
The critical  step  in  validating  the  MCNP  model  of the  OSTR  is  to  compare the 
calculated values and the measured values.  Table 10 shows that the calculated values 
are consistently higher than the measured core excess values. 
Measured vs. Calculated 
OSTR 
Core  Measured  Calculated 
Difference 
l C k) 
Difference 
($) 
$7.17  1.05019 +/- 0.0007  1.05912 +/- 0.00118  0.00893  $1.28 
$3.35  1.02345 +/- 0.0007  1.03868 +/- 0.00125  0.01523  $2.18 
$0.12  1.00084 +/- 0.0007  1.00801 +/- 0.00124  0.00717  $1.02 
Table 10 Measured vs. Calculated Comparison 
The calculated values overestimate the core excess reactivity, at the nominal erbium 
level.  The calculated values would provide a close estimate for the number of fuel 
rods needed for  criticality and  for core excess.  For the full  core, with ~$7 excess 
reactivity,  each outer fuel  rod has an individual rod worth of  ~25¢. With this  rod 
worth  value,  the  current  results  would  predict  4-5  additional  fuel  elements  than 
actually needed. The estimated error on the measured results indicates about a I-rod 
error margin (~1 O¢  plus or minus error).  For the FLIP full core of 85  elements, this 
represents  approximately  6%  error.  Therefore,  these  results  are  reasonable  for 
determining  core  excess,  but  could  be  improved.  However,  for  determining  the 28 
shutdown margin,28  which would he based on individual rod worth calculations. the 
current model would not provide the necessary degree ofaccuracy. 
Erbium Variance Effect Analysis for MCNP4B 
As  mentioned  earlier,  the  excess reactivity  values  are  very  sensitive  to  the  atom 
density of  the erbium burnable poison.  Table  11  compares the calculated values for 
varying erbium content to the measured value for the $7.17 OSTR core. 
Measured vs. Calculated for $7.17 Core 
Erbium 
(% Difference 
from nominal)  Calculated 
Difference 
(Ck) from 
Measured 
Difference 
($) 
-10  1.08021 +/- 0.00118  0.03002  $4.29 
-3  1.06861 +/- 0.00124  0.01842  $2.63 
0  1  .05912 +/- 0.00118  0.00893  $1.28 
+5  1.05018 +/- 0.00128  -0.00001  $0.00 
Table 11  Effect ofErbium Variation in keff for $7.17 Core 
Table  12  compares the calculated values for  varying  erbium content  in  the OSTR 
cores to the measured. The calculated keff varies widely with a small variance in the 
erbium,  and  is  a  significant  factor  in the precision and  accuracy of the  calculated 
results. 
28 Shutdown Margin =  the difference between the core excess reactivity,  and the combined reactivity of 3 out of 
the 4 control rods (assuming the rod with the largest reactivity is "stuck" out ofcore). 29 
Calculated kerr Variance Based on Erbium Variance 
Core 
Erbium 
(%Differenc 
efrom 
nominal)  Calculated 
Difference 
(Ck) from 
Nominal 
Difference 
($) from 
Nominal 
$7.17  -10  1.08021 +/- 0.00118  0.02109  $3.01 
-3  1.06861 +/- 0.00124  0.00949  $1.36 
0  1.05912 +/- 0.00118  - -
+5  1.05018 +/- 0.00128  -0.00894  -$1.28 
$3.35  -10  1.05763 +/- 0.00121  0.01895  $2.71 
-3  1.04233 +/- 0.00129  0.00365  $0.52 
0  1.03868 +/- 0.00125  - -
+5  1.02916 +/- 0.00126  -0.00952  -$1.36 
$0.12  -10  1.02879 +/- 0.00124  0.02078  $2.97 
-3  1.01482 +/- 0.00123  0.00681  $0.97 
0  1.00801 +/- 0.00124  - -
+5  0.99642 +/- 0.00125  -0.01159  -$1.66 
Table 12 Erbium Variance Effects 30 
Effect of Erbium Variance on Calculated vs. Measured Core Excess 
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Figure 7 Effect of  Erbium Variance on Calculated vs. Measured 

Core Excess 

Figure 7 graphically depicts the effect on keff due to  erbium variance.  Discounting 
any  other  sources  of error  in  the  accuracy  of the  results,  a  cursory  view  would 
indicate  that  the  actual  erbium  atom  density  is  ~+5% of the  nominal  value. 
According  to  manufacturing  specifications  provided  by General  Atomics,  for  the 
core  the  tolerances  are  between  -3%  and  0% of the  nominal  value.  This  would 
indicate that there are other sources of error in  the  MCNP model.  These potential 
sources of  errors will be discussed later. 
Benchmark comparison of MCNP4A and MCNP4B 
One set of comparisons performed was the difference in results between versions of 
MCNP.  Version 4A and version 4B of MCNP were run against the exact same input 
decks.  These were for the revision 7 geometry.  Table 13 shows the results. 31 
Comparison of MCNP4A and MCNP4B 
OSTR 
Core 
MCNP4A 
keff 
MCNP4B 
keff 
Difference 
(Ck) 
Difference 
($) 
$7.17  1.050148  1.05918  0.009032  $1.29 
$3.35  1.024223  1.03348  0.009257  $1.32 
$0.12  0.995285  1.00254  0.007255  $1.04 
Table 13 Comparison ofMCNP4A and MCNP4B Results 
The  differences between the two results are  significant.  There  is  more than one­
dollar reactivity difference between MCNP4A and MCNP4B.  The obvious question 
this raises is what is different. 
The  MCNP4A  results  used  the  ENDFN  cross-section  data,  with  the  generated 
erbium cross-sections.  MCNP4B results used the ENDFNI cross-section data with 
the same generated cross-sections.  This leaves two potential sources of change that 
could  affect the results.  One  is  the  difference  in  versions of MCNP.  The other 
source  is  the cross-section data.  Benchmarks comparing  ENDFN and ENDFM 
cross-section  data  using  MCNP4A  were  conducted,  and  documented  in  the  Los 
Alamos  National  Laboratory  report,  "ENDFIB-VI  Data  for  MCNP,,?9  The 
benchmark comparisons show that  some  models  do  have  large differences  in  keff 
between the two cross-section sets.  There is a brief discussion of  the changes in the 
cross-section data contained  in  the report,  but  overall  interpretation is  left  to  the 
reader. 
29  J.S.  Hendricks,  S.c. FrankIe,  J.D.  Court,  "ENDFIB-VI Data for  MCNP",  and errata,  Los  Alamos National 
Laboratory report LA-12891, 1994. 32 
Based on these documented  benchmarks
30
,  the change in  cross-section  libraries  is 
identified as a valid source oferror that would merit further analysis. 
30 See Appendix K. 33 
Chapter  6 
PROPOSED LEU FUEL ANALYSIS 
The  benchmark  results  validate  the  use  of the  OSTR-MCNP  model.  The  next 
analysis  is  of the  proposed  20/20  LEU  fuel  in  order  to  answer  the  following 
questions:  How many LEU fuel  elements for  a just-critical core? How many LEU 
fuel elements for a core with ~$3 excess reactivity? How many LEU fuel  elements 
for a core with ~$7  excess reactivity? 
The  20/20  LEU fuel  has  the  same  physical  measurements  as  the  FLIP  fuel.  The 
differences  in the  LEU  fuel  are:  erbium content  is  0.47-wt%  versus  1.6-wt%  for 
FLIP, 99  grams 235U versus ~134 grams for FLIP, and  ~503 total grams U versus 
~192 total grams for FLIP (resulting in 19.7% enrichment versus 70%)31. 
These differences are modeled by simply changing the atom densities on the material 
cards. No geometry changes for the individual fuel  elements are needed.  The core 
configuration for the LEU cores will change based on the number of  elements needed 
for each ofthe requirements: just critical, $3, and $7. 
For the purposes ofthis analysis, it was assumed that the erbium variance would not 
be a significant source ofuncertainty. 
31  See Appendix B. 34 
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Figure 8 Excess Reactivity vs. Number of20/20 LEU Fuel Elements 
Table  14  shows the  complete tabulated  results  and  Figure  8  graphically  displays 
these results. For a just critical reactor, 50 20/20 fuel elements are needed, while 56 
elements provide a $3.42 core, and 63 elements provide a $6.99 core. 35 
Number of 20/20 
LEU Fuel Elements  keff 
Excess reactivity, 
$ 
50  1.00121 +/- 0.0013  $0.17  +/- 0.18 
51  1.00517 +/- 0.0012  $0.74  +/-0.17 
52  1.01178 +/- 0.0012  $1.68  +/- 0.17 
56  1.02392 +/- 0.0013  $3.42  +/-0.18 
57  1.02978 +/- 0.0012  $4.25  +/- 0.17 
58  1.03297 +1- 0.0012  $4.71  +/- 0.18 
63  1.04895 +/- 0.0013  $6.99  +/- 0.19 
64  1.05260 +/- 0.0012  $7.51  +/- 0.17 
65  1.05701 +/- 0.0012  $8.14  +/- 0.17 
Table 14 20/20 LEU Core Calculations 
An important feature of  the OSTR is  an irradiation facility called the rotating rack. 
The rotating rack is a ring of locations surrounding the core, outside of  the last grid 
ring (G-ring).  The fully loaded 20/20 LEU core is 22 elements smaller than the fully 
loaded FLIP core.  This smaller core size would lower the neutron flux,  and the flux 
characteristics,  in  the  rotating  rack.  For this  reason,  the  20/20  LEU  fuel  is  an 
unacceptable replacement for the FLIP fuel.  Core grid maps for the analyzed 20/20 
LEU fuel cases are presented in Appendix I. 36 
Chapter  7 
RELATIVE ERROR AND STATISTICAL CHECKS 
The  fundamental  aspect  of this  analysis  is  a  statistical  simulation  of a  physical 
system.  MCNP  provides  the  simulations  of particle  transport,  and  the  physical 
system being modeled is the OSTR.  The very nature of a statistical analysis means 
that the result is the averaged behavior of  some aspect ofthe system being modeled. 
For the MCNP analysis of the OSTR, this is  the average behavior of the resultant 
eigenvalue, kelf.  Because this is  an average value, it is only one piece of  the result. 
The  other piece  is  the  error or uncertainty.  All  results presented  in  this  analysis 
include both the computed value and the error. 
A  discussion  of precision  and  accuracy  in  Monte  Carlo  analysis  is  essential  to 
understand the factors,  specific to  MCNP, that affect the problem accuracy and the 
problem precision.  Precision is the uncertainty in a result,  x, caused by statistical 
fluctuations of  each Xi  generated. Accuracy is a measure of  how close the expected 
value is to the true physical quantity.  The difference between the expected value and 
the true physical quantity is called the systematic error, and is illustrated in Figure 9. 
The systematic error is  seldom known.  MCNP error or uncertainty estimates refer 
only to the precision of  the results and not the accuracy; therefore, MCNP makes no 
estimations ofthe systematic error. 37 
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Figure 9 Systematic Error 
For all tallies other than kcff calculations, MCNP4B calculates ten different statistical 
checks for the user.  These are then checked against the desired behavior for  that 
specific check, and a simple 'yes' or 'no' test result is presented. The values of all of 
these statistical checks are also  included, and additional sources of reference in the 
MCNP output can be checked for the user to determine the confidence in the results. 
For  KCODE  calculations,  fewer  statistical  checks  exist,  but  they  do  provide 
information on the validity of  the results.  The normality check is done for one, two 
and  three  standard  deviations  in  order  to  check  that  the  results  are  normally 
distributed at  the 68,  95  and  99  percent intervals.  MCNP calculates keff in  three 
basic methods, and then uses combinations of  these methods for the final,  estimated 
results.
32  The  three  methods  are  collision,  absorption  and  track  length.
33  The 
normality test is applied to each ofthe methods individually, and is presented as part 
ofthe output. 
J: The final eSlimated ketr is a combination of  alllhrce methods. 
33 	 For a more detailed description of  these methods, refer to RSICC Computer Code Collection.  MCNP4B2™. 
Monte Carlo N-Particle Transport Code System, CCC-660, April 1997. 38 
Another statistical check is the figure of  merit (FOM).  The FOM of  a tally is defined 
to be, 
Equation 4  Figure ofMerit (FOM) Defmition 
where R is the relative error and  T is the computer time  in minutes.  The FOM is  a 
tally  reliability  indicator.  If the  tally  is  well  behaved,  then  the  FOM  should  be 
approximately  constant,  except  for  statistical  fluctuations  early  in  the  problem.  A 
graphical representation of the FOM is  presented in Figure 10.  This shows that for 
the MCNP analysis in this investigation, the FOM is approximately a constant. This 
is one indicator that the keff results are well behaved. 39 
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Figure 10 kelf Figure ofMerit for OSTR $7.17 Base Case 
By rearranging Equation 4, the relative error can be derived
34 as, 
R=  1 
- .JFOM*T 
Equation 5 Relative Error related to FOM 
Where R is again the relative error, FOM is the figure ofmerit, and T is the computer 
time  in  minutes. The MCNP manual defmes guidelines for interpreting the relative 
error.  Based on the range of R,  a qualitative statement of the quality of the tally is 
made  as  shown  in  Table  15.  For all  MCNP  keff calculations  performed  in  this 
investigation, the relative error was < 0.05. 
34 MCNP actually calculates the relative error, and then the FOM is computed using Equation 4. 40 
Rane:e ofR  Qualitv of  the Tally 
0.5 to 1  Garbage 
0.2 to 0.5  Factor ofa few 
0.1 to 0.2  Questionable 
< 0.10  Generally reliable except for a point detector 
< 0.05  Generally reliable for a point detector 
Table 15 Guidelines for Interpreting the Relative Error R 
To draw any conclusions from Monte Carlo results, one must understand the nature 
of statistical methods.  MCNP performs many statistical checks for the user, but it is 
the  user's  responsibility  to  check  the  results,  and  the  computed  errors  to  ensure 
validity. 41 
Chapter  8 
CONCLUSIONS 
The purpose ofthis investigation was to model the OSTR using MCNP to determine 
the viability of replacing the existing FLIP fuel  elements with proposed LEU fuel 
elements. A requirement from an NRC ruling, 10 CFR 50.64, meant that the existing 
FLIP fuel  would need to be replaced with LEU fuel.  This ruling  stated that non­
power reactor licensees must replace existing REU fuel with LEU fuel,  unless there 
was no  government funding to perform the conversion, or the reactor had a unique 
use that would rule out use of the LEU fuel.  To  support the  conversion effort,  a 
safety analysis report was generated.  This report was based on many different sets of 
supporting calculations, one being the focus ofthis investigation. 
The specific items of  interest were: 
1.  the estimated number offuel elements needed for a just critical core, 
2.  the estimated number offuel elements for specified core excess values, 
2.1.  ~$7.00 core excess 
2.2.  ~$3.00 core excess 
The first  step to performing the  analysis  was to  create a model of the OSTR with 
MCNP and then benchmark the MCNP results with measured values. 
The  investigated list  of MCNP analysis  of the  OSTR and the  proposed LEU  fuel 
included: 42 
•  MCNP4A benchmark results for Revision 7 Geometry 
•  MCNP4A and MCNP4B comparison ofbenchmark results 
•  MCNP4B results for Revision 7 Geometry 
•  MCNP4B results for Revision 8 Geometry 
•  MCNP4B benchmark comparison 
•  Erbium Variance Effect analysis for MCNP4B 
•  Proposed LEU fuel analysis 
All ofthese areas were covered in detail in previous chapters. 
The benchmark comparison ofthe OSTR-MCNP model measured values provided a 
significant  level of confidence  in· preliminary  analysis  of the  proposed  LEU  fuel 
loading of  the OSTR.  This preliminary analysis identified that the fuel  was not an 
acceptable replacement for the existing FLIP (HEU) fuel.  As noted in Chapter 2,  a 
primary use ofthe OSTR is for irradiation.  Any change in the core size would result 
in a modified neutron flux profile in all ofthe irradiation facilities.  A small change to 
this flux might be acceptable, but any significant change in the profile would have a 
serious impact on the usability ofthe OSTR's irradiation facilities. 
The LEU results indicate that the number of fuel elements, and thus the reactor core 
size  would be  significantly smaller than the existing FLIP core.  The fully  loaded 
LEU core would only consist of  63 fuel elements versus 85  fuel elements for the full 
FLIP core.  The full  LEU core would  contain 22  fewer  elements,  resulting  in  an 
almost empty  F-ring  for  the LEU core.  For the full  FLIP core,  the F-ring  is  four 43 
elements short ofa full ring.  Even ifwe assume that there is an ~6%  positive error in 
the LEU results,  as there  was for  the FLIP results,  this  would  indicate  an even 
smaller core size with an LEU fuel element loading. 
With a much smaller core size,  the LEU fueled  core would have  a  very different 
neutron flux profile  in all of the irradiation facilities.  The impacts of this  change 
would be significant to the usability of  the OSTR's irradiation facilities,  making the 
proposed LEU fuel replacement unacceptable. 
To summarize the final conclusions ofthis investigation: 
• 	 The MCNP model ofthe OSTR is a valid method to perform analysis 
• 	 The accuracy of  the OSTR model results is sufficient to answer some questions, 
such as core excess reactivity 
• 	 The current OSTR model is not accurate enough for rod worth calculations, or in 
shutdown margin calculations 
• 	 The OSTR model needs additional analysis in order to improve accuracy 
• 	 The proposed LEU fuel is an unacceptable replacement 
• 	 Erbium variance  is  a  significant  source  of uncertainty  in  the  accuracy of the 
results 44 
Chapter  9 
FUTURE WORK 
Factors Affecting Accuracy of  Monte Carlo Analysis 
The factors that affect the accuracy of  a Monte Carlo result can be identified as, (1) 
the  code,  (2)  problem  modeling,  and  (3)  the  user.  The  likelihood  of these  to 
introduce error is  in the reverse order, the user,  problem modeling,  and the code. 
MCNP is a very mature
35 code base that is widely used throughout the field.  The user 
is  a  considered  a  significant  source  of error  due  to  improperly  inputting  data, 
misusing  variance  reduction,  or making  bad  assumptions  (for  example  modeling 
heavy  water  as  light  water).  The  fmal  area,  problem  modeling,  includes  the 
geometric modeling, the atom density specifications, and the selected cross-sections. 
Beyond re-examining all ofthe input to check its accuracy, the focus of  future work 
should  be  on improving  the  problem modeling.  To  improve  the  OSTR-MCNP 
model, potential sources ofinaccuracy must be identified and either, 
1)  Ruled out as small effect on the results, 
2)  Ruled as a significant effect and modeled, or 
3)  Ruled as significant but quantified. 
Potential and Identified Sources ofInaccuracy 
The most significant source of uncertainty in the results is the erbium variance. The 
erbium  variance  is  an  example  of  ruled  as  significant  but  quantified.  The 
manufacturer may have records o[the actual erbium variance for the individual fuel 
35 According to the MCNP4BTM Verification and Validation, the test plan has 96.72% code coverage. 45 
meats,  and  records containing  a relationship of the  fuel  meats to  each element  (3 
meats per element).  If these records can be obtained, and assuming they are more 
accurate, then the true erbium content or a smaller variance, could be analyzed. 
The effective delayed neutron fraction,  2, was assumed to have no  associated error. 
This  may  be  a  good  assumption,  but  the  value  used,  0.007,  only  contains  three 
significant figures  - and if it  is truly only accurate to three significant figures,  then 
this could introduce an additional source of  error. The effect on the results would be 
small. 
Geometry simplification could be an additional source of  uncertainty.  For example, 
the  stainless  steel  cladding of the real fuel  element  is  only  0.02"  thick,  while  the 
MCNP model is  0.05" thick.  This is due to simplifYing the geometry by not having 
to  add a  gap  between the  fuel  meat  and the  cladding.  A review of the  geometry 
simplifications, and the relative impact on the results is needed. 46 
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APPENDIX A 
OSTR-MCNP Model input data and source
36 
Parameter  Source 
Fuel-Moderator Element 
•  8.5 wt% U, 70% enriched 
•  1.6 wt% Erbium 
•  Active fuel length, 15" 
•  Rod diameter, 1.47" 
•  Cladding thickness, 0.02" 
•  Graphite plug length, 3.44" 
top, 3.47" bottom 
•  Total rod length, 26.5" 
OSU TRIGA Reactor Training 
Manual, February 1990 
•  Zr rod in fuel center, 1/4" 
diameter 
•  Cladding is 304 Stainless 
Steel 
•  Fuel Elements for Pulsed 
TRIGA Research Reactors, 
Nuclear Technology, Vol. 28, 
Jan. 1976. 
•  Amendment No.4 to the 
Safety Analysis Report for the 
Oregon State TRIGA Reactor 
(OSTR) 
•  OSU TRIGA Reactor Training 
Manual, February 1990 
-134 grams UL;jb in each fuel 
element 
Review of Control Room 
Documents 
Graphite Reflector Elements 
Same dimensions as fuel 
elements 
OSU TRIGA Reactor Training 
Manual, February 1990 
Aluminum cladding filled with 
graphite 
OSU TRIGA Reactor Training 
Manual, February 1990 
Instrumented Fuel Element  OSU TRIGA Reactor Training 
36 Detailed input data located in Appendix B. 50 
(IFE), modeled the same as the 
other fuel elements. 
Manual, February 1990 
Fuel Followed Control Rods 
Standard Rods 
•  SS cladding 
•  15" borated graphite 
•  15" U-ZrH fuel follower 
Located in positions 0-1, C-10, 
and 0-10 
OSU TRIGA Reactor Training 
Manual, February 1990 
-111 grams U
LJb  in the fuel 
follower, due to smaller control 
rod dimensions 
Review of Control Room 
Documents, private 
communication from Dr. Brian 
Dodd. 
Safe Rod - 0-1 
Shim Rod - 0-10 
Regulating Rod, C-10 
Transient Rod, C-4 
OSU TRIGA Reactor Training 
Manual, February 1990 
Transient Rod, with air follower 
in position C-4 
OSU TRIGA Reactor Training 
Manual, February 1990 
Core 
Internal diameter 21"  GA Drawing, Jan. 1967 
Drawing R11  in Conference Room 
Rod locations  GA Drawing, Jan. 1967 
Drawi~g R11  in Conference Room 
Aluminum internal liner 1/4" 
thick 
GA Drawing, Jan. 1967 
Drawing R  10 in Conference Room 
Graphite reflector, 8" thick, 22" 
high 
OSU TRIGA Reactor Training 
Manual, February 1990 
Lead liner, 2" thick 
22" high, inside of outer liner 
OSU TRIGA Reactor Training 
Manual, February 1990 
Aluminum external shell, 1/2" 
thick 
GA Drawing, Jan. 1967 
Drawing R10 in Conference Room 
Table 16 OSTR-MCNP Model Input Data and Source 51 
APPENDIXB 
Fuel Dimensional and density Data 
Property  FLIP  20/20 
Zr  rod  radius  (em)  0.3175  0.3175 
Fuel/graphite  radius  (em)  1.82245  1.82245 
Fuel/Zr  length  (em)  38.10  38.10 
Cladding  radius  (em)  1.87325  1.87325 
Top  graphite  length  (em)  8.738  8.738 
Bottom graphite  length 
(em) 
8.814  8.814 
FFCR  Fuel  radius  (em)  1.665  1.665 
FFCR  Cladding  radius  (em)  1.7234  1.7234 
Un:,  per  element  (grams)  134.279  99.0 
U  per  element  (grams)  191.880  502.538 
Enrichment  ( %)  70.0  19.7 
Fuel  density  (g/em 
j 
)  5.999  6.656 
SS  density  (g/em
j 
)  7.86  7.86 
Graphite  density  (g/emJ)  1. 60  1. 60 
Zirconium density  (g/em
3 
)  6.4  6.4 
Aluminum  density  (g/em
j 
)  2.7  2.7 
Table 17 Fuel Dimensional and Density Data 52 
APPENDIXC 
Atom density input data 
Atom Densities  (xlO;£4  atoms/cm~) 
Property  FLIP  20/20 
Contro1  Rod  Atom Densities 
Boron  0.1075  0.1075 
Carbon  0.02687  0.02687 
304  Stain1ess  Stee1  C1adding Atom Densities 
Carbon  (0.08 
wt%) 
0.00031519  0.00031519 
Chromium  (19 
wt%) 
0.017290  0.017290 
Nickel  (10  wt%)  0.0080622  0.0080622 
Iron  (70.92 
wt%) 
0.060088  0.060088 
Total  Stainless  0.085755  0.085755 
Other Atom Densities 
Graphite  0.080193  0.080193 
Zirconium  0.042234  0.042234 
Aluminum  0.06027  0.06027 
Water  Atom Densities 
Hydrogen  0.0668  0.0668 
Oxygen  0.0334  0.0334 
Table 18 Atom Density Input Data
37 
37  Atom densities for  each of the constituent materials were determined from  TRIGA data sets provided by the 
manufucturer, General Atomics (GA) or from standard references for common materials. APPENDIXD 

Fuel Material Atom Densities 

Fuel Material  Atom  Densities  (xl0
24  atoms/em':!) 
Fuel Atom Densities 
Erbium 
(wt%) 
235U  238U  167Er  166Er  Zr  H  Total 
FLIP Fuel 
1.44 (-10%)  0.000892797  0.000378151  0.0000713912  0.000239682  0.0351300  0.0562079  0.0929199 
1.552 (-3%)  0.000892797  0.000378151  0.0000769439  0.000258324  0.0350864  0.0561382  0.0928308 
16 (nominal)  0.000892797  0.000378151  0.0000793236  0.000266313  0.0350677  0.0561083  0.0927926 
1.68 (+5%)  0.000892797  0.000378151  0.0000832897  0.000279629  0.0350366  0.0560585  0.0927289 
20/20 Fuel 
-­
0.423 (-10%)  0.000658232  0.00264923  0.0000232679  0.0000781173  0.03455417  0.0552667  0.0932173 
0.4559 (-3%)  0.000658232  0.00264923  0.0000250776  0.0000841931  0.0345275  0.0552440  0.0931883 
0.47(nominal)  0.000658232  0.00264923  0.0000258532  0.0000867970  0.0345214  0.0552343  0.0931758 
0.4935 (+5%)  0.000658232  0.00264923  0.0000271459  0.0000911368  0.0345113  0.0552180  0.0931551 54 
APPENDIXE 

Erbium Data 

-
Isotope  Abundance 
Ib.lEr  0.14% 
IMEr  1.61% 
Ib~r  33.6% 
IbfEr  22.95% 
'OKEr  26.8% 
17~r  14.9% 
Table 19  Erbium Naturally Occurring Isotope Abundance Krbium-166  Tot~ Neutron Cross  Section 
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Figure 12  167Er Total Neutron Cross Section, used within MCNP 57 
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Excess Reactivity Core MAPS 
Figure 13 $7.17 Excess Reactivity Core Map 
Figure  13  shows  the  core  map  for  the  $7.17  excess  reactIvIty  core.  This  core 
consists of 82 fuel elements, and 3 fuel-followed control rods.  The central location 
(A-I) is the central thimble. The lighter colored rod below is the Transient control 
rod.  The  element  locations  in  the  outer  ring  (G-ring)  are  graphite  reflector 
elements. 58 
Figure 14 $3.35 Excess Reactivity Core Map 
Figure 14 shows the core map for the $3.35 excess reactivity.  This configuration 
has 73 fuel elements, and the 3 fuel-followed control rods. 59 
Figure 15 $0.12 Excess Reactivity Core Map 
Figure  15  shows the core map for the just critical, $0.12 core excess, core.  This 
configuration has 62 fuel elements and the 3 fuel-followed control rods. APPENDIXG 

Miscellaneous MCNP Input Data 

Material Cards 
m8  4COOO  1  $  zr  for  center  of  rods 
m5  1001  0.0668  8016  0.0334  $  h20 
m1  1001  0.0561083  40000  0.0350677  92235  0.000892797  $  zrhu  70%, 
92238  0.000378151  68166  0.000266313  68167  0.0000793236  $  1.6wt%  natural  erbium 
m4  13027  1  $  al  clad  for  graphite  reflector  rods,  transient control  rod 
m7  7C14  1  8016  1  $  air  for  transient  ~od  fol~ower 
m9  6000  1  $  graphite 
m2  28000  -10.  26000  -70.92  24000  -19.0  6012  -0.08  $  ss  clad 
m10  82000  1.0 
m6  5010  0.0213925  5011  0.0861075  6000  0.02687  $  borated graphite  for  control  rods 
mt5  lwtr. Olt 
mt1  h/zr.01t  zr/h.01t 
mt9  grph.01t 
mt6  grph.Olt 61 
APPENDIXH 
MCNP Input DECK Matrix 
Excess 
Reactivity 
Erbium 
Variance 
$0.12  $3.56  $7.17 
-10%  cslO.inp  cs6.inp  cs2.inp 
-3%  csll.inp  cs7.inp  cs3.inp 
0% (nominal)  cs9.inp  cs5.inp  csl.inp 
+5%  cs12.inp  cs8.inp  cs4.inp 
Table 20 FLIP Fuel Input Deck Matrix Geometry Revision 7 
Excess 
Reactivity 
Erbium 
Variance 
$0.12  $3.56  $7.17 
-10%  cs34.inp  cs30.inp  cs26.inp 
-3%  cs35.inp  cs31.inp  cs27.inp 
0% (nominal)  cs33.inp  cs29.inp  cs25.inp 
+5%  cs36.inp  cs32.inp  cs28.inp 
Table 21  FLIP Fuel Input Deck Matrix Geometry Revision 8 62 
Filename  I  Notes 
ISO.inp 
IS1.inp 
lS2.inp 
IS6.inp 
IS7.inp 
IS8.inQ 
163.inp 
164.inp 
16S.inp 
Rev. 8 Geometry 
Rev. 8 Geometry 
Rev. 8 Geometry 
Rev. 8 Geometry 
Rev. 8 Geomegy 
Rev. 8 Geometry 
Rev. 8 Geome!!:y 
Rev. 8 Geometry 
Rev. 8 Geometry 
Table 22 LEU 20/20 Input Decks 63 
APPENDIX I 

20/20 LEU Core Grid Maps 
Figure 1620/20 LEU Fuel Just Critical Core - 50 Elements 64 
Figure 17 20/20 LEU Fuel -$3 Core - 56 Elements 65 
Figure 1820/20 LEU Fuel-$7 Core - 63 Elements 66 
APPENDIX] 
Sample MCNP Input Deck
38 
This sample problem input deck models a point isotropic source in the center 
of a small sphere of oxygen that is embedded in a cube of carbon.  A small 
sphere of carbon is also embedded in the carbon. The carbon is a cube  1D 
cm on each side; the spheres have a D.S-cm radius and are centered 
between the front and back faces of the cube. 
The total and energy-dependent flux in increments of 1 MeV from 14 to 1 
MeV, 1) on the surface of the iron sphere and, 2) averaged in the iron sphere 
volume. 
The geometry is depicted in Figure 19. 
@
2 
z 8@) 
3 4 
Y @7  ® 
1 
Figure 19 Sample Problem Input Problem Geometry 
38 Sample problem found in RSICC Computer Code Collection, MCNP4B2™:  Monte Carlo N-Particle Transport 
Code System, CCC-660. April  1997. 67 
Sample  Problem  Input  Deck 
c  cell cards  for  sample  problen 
1  1  -0.0014  -7 
2  2-7.86-8 
3  3  -1.60  1  -2  -3  4  -5  6  7  8 
4  0  -1:2:3:-4:5:-6 
c  end  of  cell  cards  for  sample  problem 
c  beginning of surfaces  for  cube 
1  PZ  -5 
2  PZ  5 
3  PY  5 
4  PY  -5 
5  PX  5 
6  PX  -5 
c  End  of  cube  surfaces 
7  S  0  -4  -2.5  .5  $  oxygen  sphere 
8  S  0  4  4  .5  $  iron  sphere 
IMP:N  1  1  1  0 
SDEF  POS=O  -4  -2.5 
F2:N  8  $  flux  across  surface  8 
F4:N  2  $  track length in cell  2 
EO  1  121  14 
M1  8016  1  $  oxygen  16 
M2  26000  1  $  natural  iron 
M3  6000  1  $  carbon 
NPS  100000 68 
APPENDIX K 
ENDFIB-V and ENDFIB-VI Data Benchmarks 
The following information is from J.S. Hendricks, S.c. FrankIe, J.D. Court, 
"ENDFIB-VI Data/or MeNP", and errata, Los Alamos National Laboratory report 
LA-12891, 1994. 
ENDF/B-V  T-2  ENDF/B-VI 
Godiva 
93.71% Enriched 
Bare Sphere 
1.00008 ± 0.00104  *  .0.99525 ± 0.00108 
Jezebel 
95.5% Enriched 
239pU 
1.01510 ± 0.00223  0.99857 ± 0.00212  1.00228 ± 0.00217 
Jezebel 
80% Enriched 
239pU 
1.01595 ± 0.00120  1.00799 ± 0.00121  1.00970 ± 0.00116 
Uranium Cylinder 
10.9% Enriched 
235U 
1.00095 ± 0.00054  *  0.99980 ± 0.00049 
Uranium Cylinder 
14.11% Enriched 
235U 
1.00087 ± 0.00056  *  0.99715 ± 0.00047 
Graphite-Tamped 
Uranium 
Sphere 
0.98690 ± 0.00102  0.98850 ±  0.00110  0.98998 ± 0.00105 
Water-Reflected 
Uranium 
Sphere 
0.99667 ± 0.00190  *  0.99606 ± 0.00191 
Three Cylinders 
of Uranium 
Solution 
1.00156 ± 0.00126  *  0.99611 ±0.00136 
3 x3 Array 
of Plutonium 
Fuel Rods 
1.00757 ± 0.00169  1.00082 ± 0.00174  0.99916 ± 0.00154 
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Simple wuefiected. 2 x  2 x  2 array of 93.2% enriched. uranium metal 

cylinders. 

KENO  2 

KENO  1 

Identical to KENO  1. wi,h explicit geometry definition. 

KENO  3 
 2 x  2 x  2 anay of 93.2% enriched. uranium metal cylinders reflected 

by 15.24 em of paraffin on all six sides. 

KENO  4 
 Identical to KENO  3 wi,h different paraffin specifications. 

KENO 5 
 Identical to KENO  3 and 4 except with 30.48 em of paraffin. 

KENO  6 
 Single unreiected. uranium cylinder from KENOl. 

KENO  7 
 Identical to KENO  1 and 2 but using specular reflection. 

KENO 8 
 Infinitely long uranium cylinder using the materials and radius of 

KENO  1. 

KENO 9 
 InfuUte array of KENO lwts through the use of specular reiection. 

KENO  10 
 Identical to KENO  1 except set up to write restart information on 

eftrY fifth cycle. 

KENO  11 
 Restart of KENO  10 from the 50th cycle. (KENO 10 and 11  utilize a 

KENO feature not needed. by MCNP.) 

KENO  12 
 Composite anay of 493.2% enriched uranium cylinders and 4 Plexiglas 

containers filled.  with 92.6% enriched uranyl-nitrite solution. 

KENO  13 
 Two 93.2% enriched uranium cuboids in a uranium metal cylindrical 

annulus. 

KENO  14 
 One 93.2% enriched uranium cylinder in a uranium metal cylindrical 

annulus. 

KENO  15 
 Small 97.6% enriched uranium metal sphere supported by  a.  Plexiglass 

doughnut in a tank of water. 

KENO  16 
 Ininite number of slabs of uranyl-fluoride solution contained in Pyrex 

glass and separated by borated uranyl-flUOride solution. 

KENO  17 
 Single 93% enriched uranyl-fluoride sphere. 

KENO  18 
 R.efiected  cubic anay of of 27 cylinders of aqueous uranyl.nitrate in 

Plexiglas bottles. 

KENO  19 
 Identical to KENO  12 but using repeated s'ructures. 

KENO 20 
 Critical experiment consisting of seven cylinders in a triangular 

pitched array. 

KENO  21 
 Critical experiment of.a.n aluminum spherical container, 98% filled with 

4.89CJ1i  enriched uranyl-fluoride. 

KENO  22 
 Identical to KENO  1 using nested holes in a void spacing cuboid. 

KENO 23 
 Identical to KENO  1 using hemi-qiinders. 

KENO  24 
 Identical to KENO  23 but with the hemi-cylinders aligned with the 
x-axis. 
KENO  25 
 Identical to KENO  23 but with the hemi-cylinders aligned with the 
y-axis. 
Table 24 The KENO Standard Test 1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
70 
ENDF/B-V  ENDF/B-VI  -R  Change I 
KENO  0.99981 ± 0.00093  0.99365 ± 0.00087  ·0.006 
KENO  0.99987 ± 0.00093  0.99365 ± 0.00087  -0.006 
KENO  0.99933 ± 0.00112  1.00015 ± 0.00109  +0.001 
KENO  1.00084 ± 0.00282  0.99983 ± 0.00258  -0.001 
KENO  1.00042 ± 0.00281  1.00441 ± 0.00293  +0.004 
KENO  0.74606 ± 0.00074  0.74257 ± 0.00071  -0.003 
KENO  1.00022 ± 0.00083  0.99536 ± 0.00079  -0.005 
KENO  0.94036 ± 0.00085  0.93807 ± 0.00070  -0.002 
KENO  2.29097 ± 0.00100  2.25913 ± 0.00093  -0.031 
KENO  0.99987 ± 0.00093  0.99365 ± 0.00087  -0.006 
KENO  0.99987 ± 0.00093  0.99365 ± 0.00087  -0.006 
KENO  0.99869 ± 0.00121  0.99940 ± 0.00121  +0.001 
KENO  0.99489 ± 0.00084  0.99141 ± 0.00081  -0.003 
KENO  0.99849 ± 0.00084  0.99686 ± 0.00082  -0.002 
KENO  1.00155 ± 0.00097  1.00027 ± 0.00109  -0.001 
KENO  .0.99066 ± 0.00093  0.99235 ± 0.00089  +0.002 
KENO  1.00290 ± 0.00143  0.99862 ± 0.00152  -0.004 
KENO  1.02802 ± 0.00126  1.03085 ± 0.00128  +0.003 
KENO  0.99869 ± 0.00121  0.99940 ± 0.00127  +0.001 
KENO  0.99707 ± 0.00133  0.99809 ± 0.00147  +0.001 
KENO  0.99510 ± 0.00082  0.99292 ± 0.00089  -0.002 
KENO  0.99115 ± 0.00082  0.99551 ± 0~00082  -0.002 
KENO  0.99987 ± 0.00093  0.99365 ± 0.00087  -0.006 
KENO  0.99819 ± 0.00081  0.99440 ± 0.00085  -0.004 
KENO  1.00115 ± 0.00090  0.99516 ± 0.00088  -0.006 
Table 25 KENO Benchmarks for the KENO Standard Test Set 